Abstract: Pseudo-vibration sensitivities in laser vibrometry are the consequence of measurement noise generated by surface motions other than that on-axis with the incident laser beam(s), such as transverse and tilt vibrations or rotation. On rougher surfaces, laser speckle is the cause but similar noise is observed in measurements from smoother surfaces. This paper's principal aim is to introduce two experimental methods for quantification, including dedicated data processing, to deliver sensitivities in three forms: a spectral map, a 
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Introduction
Laser Doppler vibrometry (LDV) is now well established as an effective, non-contact alternative to the use of a traditional contacting vibration transducer such as the accelerometer. Laser vibrometers are technically well suited to general application but offer special benefits where certain measurement constraints are imposed, for example by the context, which may demand high frequency operation, high spatial resolution or remote transducer operation, or by the structure itself, which may be hot, light or rotating.
The technique relies on the detection of a Doppler shift in the frequency of light scattered from a moving surface. In many practical cases, the coherent laser beam scatters from a surface that is rough on the scale of the optical wavelength with a lateral scale to its roughness that is smaller than the size of the beam. In such circumstances, a random distribution of high and low intensity, known as a speckle pattern, is observed in the backscattered light [1] . The photodetector in the laser vibrometer samples a portion of the speckle pattern in which the phases of the individual speckles are randomly distributed in the range -pi to pi. The amplitude and phase of the photodetector output therefore result from a phasor summation with implications for signal amplitude and measurement noise. Any particular phasor summation can result in an inadequate photodetector signal amplitude, known as 'dropout', and this is a longstanding challenge [2, 3] that remains of current interest both in LDV [4] and in related, emerging techniques [5, 6] . During set-up, this problem may be remedied by minor adjustment of the position of the incident laser beam but, during measurements, even very small surface motions can induce sufficient changes in the sampled speckle pattern to cause dropouts which appear as spikes in the instrument output. Dropout is exacerbated when surface reflectivity is low. In preparing for measurements, care should be taken over points of incidence to minimise dropout but occasional problems are virtually unavoidable. For the measurements presented in this paper, dropout is not a dominant source of measurement noise. Even when adequate signal amplitude is maintained, however, dynamic changes in the sampled speckle pattern cause noise in the photodetector output phase which results in 'speckle noise' in the vibrometer output signal. Its precise origins have been explained previously together with introduction of the more general term 'pseudo-vibration' [7, 8] .
Pseudo-vibration is known to originate from motions of optically rough surfaces other than the 'onaxis' motion (i.e. that directly along the line of the incident laser beam) and, especially in recent times, its importance has been increasingly recognised [9] [10] [11] [12] [13] [14] . The motions generally of greatest interest have been classified as transverse (translational oscillation perpendicular to the laser beam direction), tilt (angular oscillation around an axis perpendicular to the laser beam direction) and rotation (continuous angular motion around an axis perpendicular to the laser beam direction). Users of accelerometers, for example, will be familiar with the term 'transverse sensitivity' which is enshrined in ISO 16063-31 [15] and the equivalent terminology is adopted and used in this paper.
Collectively, the sensitivities to all the motion types are referred to as the 'pseudo-vibration sensitivities'.
The speckle motions contribute random noise to the vibrometer output which becomes pseudorandom when target motions are periodic, as is often the case in a vibration study. This means that, when speckle noise is generated in a measurement from an optically rough surface vibrating sinusoidally, pseudo-vibration peaks will appear not only at this frequency but also at many harmonics of it, as shown in figure 1 . While the peaks due to pseudo-vibration are generally at a low level relative to the genuine on-axis motion, this still introduces some significant challenges in the interpretation of measured data, especially at harmonics where similar levels of genuine motion and pseudo-vibration may be combined [7, 16] . In particular, the figure shows how amplitudes are maintained across many orders and how the highest levels are not necessarily found at the low orders.
To resolve this uncertainty, it is essential for expected levels of pseudo-vibration to be quantified in a format that can be widely applied by the user. Evidence of the demand for this data comes both from attempts to quantify measured speckle noise and thus identify genuine motions in specific applications [17] [18] [19] and from recent efforts to model speckle noise [8, [20] [21] [22] . The purpose of this paper is to introduce and validate two alternative methods to enable pseudo-vibration quantification. In the processing of achieving this, initial data that is valuable in its own right has been generated, quantifying the pseudo-vibration sensitivities of two commercial laser vibrometers, and this is also presented.
The particular challenges associated with this task are to develop test rigs exhibiting only the required motions and negligible 'other' motions, to distinguish genuine motions from pseudo-vibrations within the measurements performed and to process measured data in such a way that the calculated pseudovibration sensitivities can be applied quantitatively to a diverse range of measurement applications. In addition, the experimental methods must accommodate both single beam laser vibrometers, which measure all translational vibrations [23] , and parallel beam laser vibrometers, which measure all angular vibrations [24] .
A further challenge is to examine and quantify how the pseudo-vibration sensitivities are affected by surface roughness or surface treatment. Many surfaces of engineering interest have a roughness comparable with the wavelength of the light which results in the formation of a so-called 'fully developed' speckle pattern [25] . At lower surface roughness (in the range of a few hundred nanometres), an increasingly apparent specular reflection is observed together with a speckle pattern that is only partially developed. In the range of a few tens of nanometres, only a specular reflection is apparent. Retro-reflective tape is commonly used in laser vibrometer measurements to maximise the return light intensity. In the experiments reported here, 3M Scotchlite High Gain Reflective Sheeting 7610 was used. The surface of the tape is coated with glass beads and scatter from retro-reflective tape also results in the formation of a speckle pattern. In all these cases, changes in the light collected through the vibrometer aperture result in output noise and the effect of surface roughness and surface treatment will also be part of the study presented in this paper. This paper builds on initial work [26] which reported the introduction of what the authors then called 'speckle noise maps'. These maps showed the spectral shape of the pseudo-vibration sensitivities with an emphasis on measurements taken from rough surfaces generating speckle patterns and, hence, speckle noise. Arranging for measurements to be taken from smooth surfaces has been recognised as a route to avoid speckle noise, especially in rotor applications [27, 28] , but it is now apparent that noise is still present in such measurements as a consequence of changes in the precise region of the illuminating beam from which the dominant portion of the collected light originates. For such cases, reference to 'speckle noise' is inappropriate and so the authors have adapted the more general description 'pseudo-vibration' to cover noise generated from surfaces of any roughness and with any treatment i.e. including, but not limited to, speckle noise.
In this paper, two laser vibrometers are used. The Polytec OFV302 (velocity decoder OVD01) has a beam diameter of 90 μm and is positioned at the recommended stand-off distance of 600 mm. The Polytec OFV400 has a beam diameter of 520 μm and is positioned at the recommended stand-off distance of 400 mm. The beams are focussed at these distances. In all experiments, range settings were adjusted to suit signal levels. The OFV400 is a parallel beam laser vibrometer which can also be used as a single beam vibrometer using a simple cap placed over the aperture to block one beam. This instrument is used both as a single beam vibrometer for translational vibration measurements and as a parallel beam vibrometer for angular vibration measurements in the tests reported in this paper.
For all measurements in this study, it is vital to reduce all but the single motion component under test to the lowest possible levels. This is achieved through the design of dedicated test rigs and through appropriate alignment of the laser beam(s) relative to the surface motion, resulting in vibrometer measurements dominated by noise. It is not necessary to measure these minimised motion components with the important exception of the genuine, on-axis component of surface velocity for which compensation must be made. Both methods described in this paper require three simultaneous measurements.
Quantification of Pseudo-Vibration Sensitivity: Method based on correction for residual, genuine velocity
Quantification of transverse and tilt sensitivities exemplifies use of this first method. The first of the three measurements might be regarded as the intended measurement; it is the one that is dominated by pseudo-vibration (as a result of the rig design and laser beam alignment) but which will inevitably contain some residual, genuine on-axis velocity. This is referred to as the 'measured velocity', .
The second measurement is intended to isolate the component of genuine velocity, , in the first measurement. Subtraction provides the best estimate of pseudo-vibration, termed the 'apparent velocity', , and written as:
( 1) The third measurement provides the transverse or tilt velocity itself and its use for normalisation is explained in section 2.3.
Periodic transverse motion: experimental arrangement
The test surface has a translational vibration in a direction which defines the z-axis and is For appropriate cancellation of genuine velocity between these two measurements, beams A and B must both be aligned in the x-direction. This is achieved by making both beams incident on a mirror clamped to the front of the test surface. Angular adjustments are then made to minimise the zcomponent of translational vibration velocity in each measurement. When this is achieved, the mirror is repositioned, exposing the test surface to beam A but leaving beam B incident on the mirror surface.
Periodic tilt surface motion: experimental arrangement
The test surface has an angular vibration around an axis which defines the z-direction and is perpendicular to the optical axis of the laser beam as shown in figure 3 . The test surface is fixed to a carriage which rotates in bearings fixed in a heavy pedestal (not shown). The point of incidence of the beam sits directly on the rotation axis of the carriage and, in this way, x-and y-components of angular vibration velocity and x-, y-and z-components of translational vibration velocity are considered minimised.
A linear shaker drives the required z-component of angular vibration through a lever arm. This component is measured using an accelerometer fixed at a known radial distance from the axis of rotation. The incident laser beam provides the measured velocity. This beam must be aligned in the xdirection, where the xz plane is horizontal, and this is achieved by mounting a mirror surface on the carriage while it is stationary and using the reflection of the beam to minimise the angle . Genuine xcomponents of velocity remain and so a measurement of the genuine x-velocity is taken from the bearing housing using a second vibrometer aligned in the x-direction and in the same plane as the rotation axis. For appropriate cancellation of genuine velocity between these two measurements, it is critical to minimise the offset of the measured velocity beam from the rotation axis, shown as y 0 in the figure. A micro-positioning device, attached to the vibrometer, is used to achieve this by minimising the measured velocity due to the z-component of angular velocity which is directly proportional to this offset.
Processing the apparent velocity
In measurements from optically rough surfaces, the apparent velocity is dominated by speckle noise and its spectrum takes the form shown previously in figure 1 . The figure emphasises the broadband characteristics of speckle noise, with amplitudes maintained across the 80 harmonics shown. Even in measurements from smoother surfaces, apparent velocity takes this same form.
To estimate pseudo-vibration sensitivity, the amplitudes of each harmonic in the apparent velocity spectrum, for orders N = 1 to 50, are found. Correction for the picket fence effect [29] was made to these amplitudes. (Picket fence effect can, of course, be avoided by synchronising excitation frequency with acquisition parameters but, while preferable, this was not possible in the set-up used for these tests). Vibration frequency affects noise levels linearly; for example, increasing vibration frequency results in the phase changes causing noise simply happening more quickly. To remove the effect of vibration frequency, the apparent velocity is normalised by the velocity amplitude, at the fundamental frequency, of the motion causing pseudo-vibration, . This process is verified in figure 4 which shows tilt sensitivity for a surface with roughness Ra 0.19μm and angular vibration at frequencies 10, 20 and 30 Hz. The tilt sensitivity map for each vibration frequency was created from multiple (in this case and elsewhere in this paper 10) spectra from measurements at different locations on a test surface from which uncorrelated speckle patterns are formed. Pseudo-vibration sensitivity at each order N, , is therefore written as a mean value as follows:
while the corresponding (sample) standard deviation, , is written:
where M is the number of individual spectra from distinct locations contributing to these calculations.
The mean and standard deviation at each of the 50 orders are calculated. There are no significant differences between the normalised levels for each vibration frequency which means that, with this normalisation, pseudo-vibration sensitivity is independent of vibration frequency and suitable as general quantitative guidance to a user. (Note that normalisation does result in a baseline noise level that decreases with increasing vibration frequency because use of constant displacement amplitude means normalisation by an increasing velocity amplitude). Such maps are used for presentation of all pseudo-vibration sensitivities.
In addition to these maps, pseudo-vibration sensitivities are also expressed in two simple, quantitative formats. The first is a mean level per order calculated from order N1 up to N2 (usually orders 1 to 10),
, with a corresponding (sample) standard deviation, , written as:
A bandwidth of 10 orders is chosen as a typical bandwidth over which the vibrometer user is likely to be interested. The second format is the total rms value, , again usually calculated from orders 1-10, and written as: (4) Equations (3a&b) and (4) 
Quantification of transverse sensitivity
The test surfaces were vibrating at 60 Hz with a displacement of 420 μm rms. The significance of this displacement was that it corresponded to a translation of at least one whole beam diameter for the larger beam. This guarantees decorrelation of the speckle pattern incident on the collecting aperture of the laser vibrometer in measurements from rough surfaces. Figure 5a shows typical measured velocity, figure 5b shows the corresponding genuine velocity measurement and figure 5c shows the apparent velocity, from equation (1) . In each case, the transverse velocity is also shown for reference. The magnitude of genuine velocity is approximately 60dB down on that of the transverse velocity but the similarity between measured and genuine velocities emphasises the importance of correcting for genuine velocity. The resulting apparent velocity in Figure 5c shows very clearly how the sinusoidal transverse motion of the surface causes speckle noise to appear to reflect and negate around the instances in time when the surface is stationary. The more prominent peaks of speckle noise occur in the temporal vicinity of maximum surface velocity which is typical of speckle noise because the rate of changes in the speckle pattern is directly proportional to the surface velocity.
Tests were performed for surfaces with Ra roughness of 11 nm, 75 nm and 1 m and for a surface treated with retro-reflective tape. The transverse sensitivity maps (standard deviations omitted for clarity) are shown in figures 6a&b for incident beam diameters of 520 μm and 90 μm respectively. Table 1 summarises the transverse sensitivities and shows typical speckle pattern images covering the transition from fully developed to partially developed speckle patterns and then to simple specular reflection with diminishing surface roughness.
Transverse sensitivity takes a mean level of approximately 0.01% to 0.03% per order, based on the first 10 orders, for the beam diameters of 520 μm and 90 μm respectively. The standard deviation in the amplitude of the orders is around two-thirds of the mean. The total rms level over orders 1-10 is around 0.05% for a 520 μm beam diameter and slightly less than 0.2% for a 90 μm beam diameter.
This corresponds to an advantage through use of the larger beam by a factor of around 3 to 4.
In general, the surface roughness appears to make little difference to sensitivities except for the smoothest surface (Ra 11nm) with the 90 μm beam diameter where transverse sensitivity is 3 to 4 times lower than for other surfaces with this smaller beam. This conclusion is confirmed by further analysis for statistical significance in the differences between the mean values. Transverse sensitivities for the Ra 75nm surface, which produces partially developed speckle patterns, appear to be comparable with sensitivities from the rougher surfaces (Ra 1m and the surface coated with retroreflective tape) which produce fully developed speckle patterns. This suggests the underlying, partially developed speckle pattern is a significant component in the collected light from which the measurement is taken. For the larger beam, transverse sensitivity reduces with order much more noticeably than for the smaller beam. While the broader spectral content of pseudo-vibration must be borne in mind, the vibrometer transverse sensitivities compare very favourably at a few tenths of a percent to values of a few percent typical, for example, with piezo-electric accelerometers.
Quantification of tilt sensitivity
For surface angular motion, speckles are expected to translate predominantly. In these tests, an angular displacement of 0.78˚ rms (at 60 Hz) was chosen such that the resulting speckle translation distances of 45 mm and 30mm, at the recommended stand-off distances, exceeded each vibrometer receiving aperture dimension. Figure 7 shows a typical plot of apparent velocity together with the angular velocity of the surface. Speckle noise again appears to reflect and negate around the instances in time when the surface is stationary. The more prominent peaks of speckle noise again occur in the temporal vicinity of maximum surface velocity as seen in figure 5c for transverse motion. Data such as those presented in Figure 7 were captured for each test and processed according to section 2. 
Quantification of Pseudo-Vibration Sensitivity: Method based on a differential measurement
This second method is based on a differential measurement using two identical instruments. An apparent velocity is calculated from the difference between two, very closely spaced, simultaneous measurements on the test structure. The principle applied is that these measurements will have common vibration content but differential noise content by virtue of the beams illuminating distinct (separation comparable with beam diameter) regions on the test structure. The advantage of this approach is that it can be used when it is difficult to obtain a reliable measurement of genuine velocity to use for correction of the measured velocity to form the apparent velocity. The obvious disadvantage is the requirement for two instruments and there is an implicit, although reasonable, assumption of similar performance for each instrument. Validation of this approach is given in the next sub-sections where pseudo-vibration sensitivity is quantified in measurements of radial vibrations and torsional vibrations on rotating shafts, with normalisation by rotation speed.
Continuous rotation: experimental arrangement for radial vibration measurement
In these tests, the z-axis is defined by the rotation axis of the shaft. A radial vibration measurement requires a single beam aligned to intersect the rotation axis of the rotor normally [23] and this defines the x-direction as shown by beam A in figure 9 . This measurement will be sensitive to velocity components in the direction of the beam, prone to speckle noise (for rougher surfaces) and sensitive to shaft out-of-roundness (on smoother surfaces). For surfaces generating fully developed speckle patterns (e.g. Ra 1 μm and the surface treated with retro-reflective tape), there is proven insensitivity to shaft out-of-roundness [23] .
The rig carries a mirror whose normal is in the x-direction. The mirror is used to make beams A and B parallel with each other and with the x-axis. Fine angular adjustments are made using a precision tripod head. Each beam y-position is then adjusted (without affecting angular alignment) so that it is roughly aligned through the rotation axis; this is followed by a fine alignment using a precision tripod nm to 1 μm. The challenge with this approach is in the ability to make the two adjacent measurements identical in terms of genuine velocity, out-of-roundness and alignment. The resulting pseudo-vibration estimate is much improved in the view of the authors. Note that it is not the intention to include shaft out-ofroundness under the description 'pseudo-vibration'. This is a separate issue in need of further investigation but outside the scope of this particular study.
Processing the apparent velocity
Returning to figure 9, if the difference between these two measurements is dominated by the uncorrelated noise in each measurement then the rms of this difference ought to be 2 of either of the individual (near identical) rms levels. This notion is supported by figures 11a-c which show the individual measurements, and , with very similar rms, and their difference with the expected rms level. In each plot, including the difference plot, distinctive peaks have been circled to emphasise the periodicity of speckle noise. For this method, the required apparent velocity is therefore written:
Calculation of rotation sensitivity based on this approach then proceeds according to section 2.3. 
Quantification of Rotation Sensitivity (radial vibration measurements)
Figures 13a&b show the rotation sensitivity maps for incident beam diameters of 520 μm and 90 μm respectively. Table 3 presents the rotation sensitivities in the usual formats together with typical images of collected light. Compared to the images shown in table 1, there are detail differences relating mainly to illumination of different surfaces but also to differences in Ra value. The main distinction, however, is in the overall intensity profiles which show the influence of shaft curvature.
Considering the mean levels per order, based on the first ten orders, it is notable that for both beams the surface with Ra 65 nm has resulted in higher sensitivities than in the measurements on rougher surfaces. Generally, rotation sensitivity is not expected to increase as surfaces become smoother and correlation times increase in the backscattered light due to the diminishing influence of speckle, as indicated by the images of scattered light patterns shown in the table. Sourcing the tests shafts with their different roughness values was difficult and it was not possible to maintain control simultaneously over out-of-roundness which happened to be larger for this shaft than for others (27 µm compared to others in the range of 1-7 μm). This potential problem was also suggested in figure   10 where residual sensitivity to out-of-roundness was observed in the differential measurement. It is also notable that, in comparison to the transverse and tilt sensitivities, the standard deviations are large 
Quantification of Rotation Sensitivity (torsional vibration measurements)
Parallel beam laser vibrometers enable measurement of angular vibrations on both rotating and non- Figure 14 shows the two closely spaced measurements from which the differential measurement is obtained. The shaft tested was treated with retro-reflective tape and was rotating at 30 Hz. When untreated, surface orientation at the points of laser beam incidence tends to reflects the beam away from the receiving aperture of the vibrometer and, in these tests, reliable measurements were not possible from untreated surfaces. Normalisation by rotation speed produces rotation sensitivity in units of deg/s / rad/s. Figure 15 shows the rotation sensitivity map with its flat spectral shape. This map also shows standard deviation at each order. In the maps previously shown, standard deviations were omitted for clarity because of the presentation of multiple data series but they are a valuable additional piece of information. In this case, rotation sensitivity could be based on the first ten orders, rather than orders 21-30, because of the insensitivity to out-of-roundness associated with the use of retro-reflective tape but there may be residual sensitivity to genuine velocity (generated as a result of the need to rotate the shaft for the tests) that is not completely cancelled in the differential measurements due to small but inevitable misalignment between the two beam pairs. Maintaining the principle established earlier, orders 21-30 are used for the quantification giving a mean level per order of 21.5 mdeg/s / rad/s, with standard deviation 10.0 mdeg/s / rad/s, and total rms of 68.7 mdeg/s / rad/s.
Further Work
The work presented in this paper has concentrated on vibration and rotation frequencies in the range of several tens of Hz, up to a maximum of 60 Hz. Based on consideration of the noise generating mechanism [8] , it is reasonable to assume that the calculated rotation sensitivities can be applied to rotation at any speed and that transverse and tilt sensitivities can be applied to vibration at any frequency provided that the target displacement amplitude is at least sufficient for the speckle pattern collected through the vibrometer aperture to decorrelate during the vibration cycle. This condition should include the large beam displacements associated with the continuous scanning LDV technique [30, 31] for which a recent study reported insensitivity to scan length [32] . The tilt and transverse sensitivities calculated here cannot, however, be used so reliably for smaller target displacements that are insufficient to cause decorrelation of the collected speckle pattern. In particular, this will apply at higher vibration frequencies where vibration displacements are naturally smaller. The principal focus of this paper is on the methods for quantification and these are perfectly suited to examination of the effect of reducing vibration displacements which will be part of a follow-up study. Initial experimentation suggests an increase in the mean level per order, across orders 1 to 10, by a factor of slightly less than 2 for an eight-fold reduction in vibration amplitude. In addition, the pseudovibration maps become less flat with decreasing vibration amplitude, rolling off with increasing order.
Similar ratios of displacement amplitude to beam diameter (using different instruments) produce similar spectral shapes but not necessarily similar sensitivities. The authors believe that the methods presented are suitable for development in a Standard and this will be a focus of future work in which consideration of displacement amplitudes must feature.
Further work should also investigate surface motions other than sinusoidal. This might include whole body translations at constant [33] or near-constant velocity [34] and random surface vibrations where measurement noise would not have the periodic form illustrated in figure 1. For torsional vibration measurements with a parallel beam laser vibrometer, small oscillatory translations of the beam pair along the shaft axis [35] and surface modification [36] have both been used in deliberate attempts to prevent the periodic repeat of measurement noise. This does not reduce total rms noise levels but it does reduce levels at the integer orders which are often of greatest interest. Such arrangements should be considered as part of any study of random surface vibrations.
Conclusions
This 
